We present first results of calculations of masses of positive and negative parity excited baryons in lattice QCD using an O(a 2 ) improved gluon action and a fat-link clover fermion action in which only the irrelevant operators are constructed with fat links. The results are in agreement with earlier calculations of N * resonances using improved actions and exhibit a clear mass splitting between the nucleon and its chiral partner. The results also indicate a splitting between the lowest J P = 1 2 − states for the two standard nucleon interpolating fields. The study of different Λ interpolating fields suggests a similar splitting between the lowest two Λ 1/2 − octet states. However, the empirical mass suppression of the Λ * (1405) is not evident in these quenched QCD simulations, suggesting an important role for the meson cloud of the Λ * (1405) or a need for more exotic interpolating fields.
I. INTRODUCTION
Understanding the dynamics responsible for baryon excitations provides valuable insight into the forces which confine quarks inside baryons and into the nature of QCD in the nonperturbative regime. This is a driving force behind the experimental effort of the CLAS Collaboration at Jefferson Lab, which is currently accumulating data of unprecedented quality and quantity on various N → N * transitions. With the increased precision of the data comes a growing need to understand the observed N * spectrum within QCD. Although phenomenological low-energy models of QCD have been successful in describing many features of the N * spectrum (for a recent review see Ref. [1] ), they leave many questions unanswered, and calculations of N * properties from first principles are indispensable. One of the long-standing puzzles in spectroscopy has been the low mass of the first positive parity excitation of the nucleon (the J P = 1 2 + N * (1440) Roper resonance) compared with the lowest lying odd parity excitation. In a valence quark model, in a harmonic oscillator basis, the 1 
2
− state naturally occurs below the N = 2, 1 2 + state [2] . Without fine tuning of parameters, valence quark models tend to leave the mass of the Roper resonance too high. Similar difficulties in the level orderings appear for the 3 2 + ∆ * (1600) and 1 2 + Σ * (1690), which has led to speculations that the Roper resonances may be more appropriately viewed as "breathing modes" of the confining cavity [3] , or described in terms of meson-baryon dynamics alone [4] , or as hybrid baryon states with explicitly excited glue field configurations [5] .
Another challenge for spectroscopy is presented by the Λ 1/2− (1405), whose anomalously small mass has been interpreted as an indication of strong coupled channel effects involving Σπ,KN, · · · [6] , and a weak overlap with a three-valence constituent-quark state. In fact, the role played by Goldstone bosons in baryon spectroscopy has received considerable attention recently [7, 8] .
It has been argued [9] that a spin-flavor interaction associated with the exchange of a pseudoscalar nonet of Goldstone bosons between quarks can better explain the level orderings and hyperfine mass splittings than the traditional (color-magnetic) one gluon exchange mechanism. On the other hand, some elements of this approach, such as the generalization to the meson sector or consistency with the chiral properties of QCD, remain controversial [1, 10, 11] . Furthermore, neither spin-flavor nor color-magnetic interactions are able to account for the mass splitting between the Λ 1/2 − (1405) and the Λ 3/2 − (1520) (a splitting between these can arise in constituent quark models with a spin-orbit interaction, however, this is known to lead to spurious mass splittings elsewhere [1, 12] ). Recent work [13] on negative parity baryon spectroscopy in the large-N c limit has identified important operators associated with spin-spin, spin-flavor and other interactions which go beyond the simple constituent quark model, as anticipated by early QCD sum-rule analyses [14] .
The large number of states predicted by the constituent quark model and its generalizations which have not been observed (the so-called "missing" resonances) presents another problem for spectroscopy. If these states do not exist, this may suggest that perhaps a quark-diquark picture (with fewer degrees of freedom) could afford a more efficient description, although lattice simulation results provide no evidence for diquark clustering [15] . On the other hand, the missing states could simply have weak couplings to the πN system [1] . Such a case would present lattice QCD with a unique opportunity to complement experi-mental searches for N * 's, by identifying excited states not easily accessible to experiment (as in the case of glueballs or hybrids).
In attempting to answer these questions, one fact that will be clear is that it is not sufficient to look only at the standard low mass hadrons (π, ρ, N and ∆) on the lattice -one must consider the entire N * (and in fact the entire excited baryon) spectrum. In this paper we present the first results of octet baryon mass simulations using an O(a 2 ) improved gluon action and an improved Fat Link Irrelevant Clover (FLIC) [16] quark action in which only the irrelevant operators are constructed using fat links [17] . Configurations are generated on the Orion supercomputer at the University of Adelaide. After reviewing in Section II the main elements of lattice calculations of excited hadron masses and a brief overview of earlier calculations, we describe in Section III various features of interpolating fields used in this analysis. In Section IV we present results for J P = 1 2 ± nucleons and hyperons. Finally, in Section V we make concluding remarks and discuss some future extensions of this work.
II. EXCITED BARYONS ON THE LATTICE
The history of excited baryons on the lattice is quite brief, although recently there has been growing interest in finding new techniques to isolate excited baryons, motivated partly by the experimental N * program at Jefferson Lab. The first comprehensive analysis of the positive parity excitation of the nucleon was performed by Leinweber [18] using Wilson fermions and an operator product expansion spectral ansatz. DeGrand and Hecht [19] used a "wave function technique" to access P -wave baryons. Later, Lee & Leinweber [20] introduced a parity projection technique to study the negative parity 1 2 − states using an O(a 2 ) treelevel tadpole-improved D χ34 quark action, and an O(a 2 ) tree-level tadpole-improved gauge action. Following this, Lee [21] reported results using a D 234 quark action with an improved gauge action on an anisotropic lattice to study the The RIKEN-BNL group [22] has also performed an analysis of the N * ( excited states using domain wall fermions. More recently, a nonperturbatively improved clover quark action has been used by Richards et al. [23] to study the N * (
states. Following standard notation, we define a two-point correlation function for a baryon B as
where χ B is a baryon interpolating field transforming positively under parity operation, and we have suppressed Dirac indices. The choice of interpolating field χ B is discussed in Section III below. The overlap of the field χ B with positive or negative parity states |B ± is parameterized by a coupling strength
where E B ± = M 2 B ± + p 2 is the energy, and u B ± (p, s) a Dirac spinor. For large Euclidean time, the correlation function can be written as a sum of the lowest energy positive and negative parity contributions
when a fixed boundary condition in the time direction is used to remove backward propagating states. The positive and negative parity states are isolated by taking the trace of G B with the operator Γ ± , where
For p = 0, E B ± = M B ± and using the operator Γ ± we can isolate the mass, M B ± , of the baryon B ± . In this case, positive parity states propagate in the (1, 1) and (2, 2) elements of the Dirac matrix of Eq. (3), while negative parity states propagate in the (3, 3) and (4, 4) elements.
The baryon effective-mass function is defined by
At p = 0 we see that Γ 2 ± = Γ ± and Γ ± are then parity projectors. Meson masses are determined via analogous standard procedures. Five masses are used in the calculations [16] and the strange quark mass is taken to be the second heaviest quark mass in each case.
III. INTERPOLATING FIELDS
In this analysis we consider two types of interpolating fields which have been used in the literature. The notation adopted follows that of Leinweber et al. [24] . For the positive parity proton we use as interpolating fields
and
where the fields u, d are evaluated at Euclidean space-time point x, C is the charge conjugation matrix, a, b and c are color labels, and where the superscript T denotes the transpose.
The neutron interpolating field is obtained via the exchange u ↔ d. As pointed out by Leinweber [18] , because of the Dirac structure of the "diquark" in the parentheses in Eq.(6), the field χ p+ 1 involves both products of upper × upper × upper and lower × lower × upper components of spinors for positive parity baryons, so that in the nonrelativistic limit χ p+ 1 = O(1). We use the Dirac representation of the γ matrices here. Furthermore, since the "diquark" couples to a total spin 0, one expects an attractive force between the two quarks, and hence a lower energy state than for a state in which two quarks do not couple to spin 0.
The χ p+ 2 interpolating field, on the other hand, is known to have little overlap with the ground state [18, 25] . Inspection of the structure of the Dirac matrices in Eq. (7) reveals that it involves only products of upper × lower × lower components for positive parity baryons, so that χ
2 ) vanishes in the nonrelativistic limit. As a result of the mixing, the "diquark" term contains a factor σ · p, meaning that the quarks no longer couple to spin 0, but are in a relative L = 1 state. One expects therefore that two-point correlation functions constructed from the interpolating field χ p+ 2 are dominated by larger mass states than those arising from χ p+ 1 at early Euclidean times. While the masses of negative parity baryons can be and are obtained directly from the (positive parity) interpolating fields in Eqs. (6) and (7) by using the parity projectors Γ ± , it is instructive nevertheless to examine the general properties of the negative parity interpolating fields. Interpolating fields for a negative parity proton can be constructed by multiplying the positive parity fields by γ 5 , χ B− ≡ γ 5 χ B+ . In contrast to the positive parity case, both the interpolating fields χ 
and similarly for the χ (2) isospin. An SU(2) singlet interpolating field can be constructed by replacing " + " −→ " − " in Eq. (8) . For the SU(3) octet Λ interpolating field (denoted by "Λ 8 "), one has
and similarly for χ
2 by simply moving the γ 5 in each of the terms as was done to obtain Eq. (7) from Eq.(6).
The interpolating field for the SU(3) flavor singlet (denoted by "Λ 1 ") is given by [24] χ
where the last two terms are common to both χ Λ 8
1 and χ Λ 1
1 . In order to test the extent to which SU(3) flavor symmetry is valid in the baryon spectrum, one can construct another combined interpolating field composed of the terms common to Λ 1 and Λ 8 , which does not make any assumptions about SU(3) flavor symmetry properties of Λ. We define
to be our "common" interpolating field which is the isosinglet analogue of χ (6) and (7) by s quark fields.
IV. RESULTS
The calculations of octet excited baryon masses are performed on a 16
3 × 32 lattice at β = 4.60, which corresponds to a lattice spacing of a = 0.125(2) fm set by the string tension with √ σ = 440 MeV. The analysis is based on a sample of 200 configurations.
For the gauge fields, a mean-field improved plaquette plus rectangle action is used, while for the quark fields, a Fat-Link Irrelevant Clover (FLIC) [16] action is implemented. The use of fat links [17] in the irrelevant operators removes the need to fine tune the clover coefficient to remove O(a) artifacts. In the present simulations we employ a highly improved definition of F µν [16, 26] leaving errors of O(a 6 ). Mean-field improvement of the tree-level clover coefficient with fat links represents a small correction and proves to be adequate [16] . The fattening, or smearing of the lattice links with their nearest neighbors, reduces the problem of exceptional configurations, and minimizes the effect of renormalization on the action improvement terms. By smearing only the irrelevant, higher dimensional terms in the action, and leaving the relevant dimension-four operators untouched, we retain short distance quark and gluon interactions at the scale of the cutoff. Although the simulations are performed both with n = 4 and 12 smearing sweeps at α = 0.7, the improved gauge fields are found to be somewhat smooth after only 4 sweeps. Since the results with n = 4 sweeps exhibit slightly better scaling than those with n = 12 [16] , we focus on the results with 4 smearing sweeps. The 12-sweep results are consistent with all our conclusions. Further details of the simulations are given in Ref. [16] .
A fixed boundary condition in the time direction is used for the fermions by setting U t ( x, N t ) = 0 ∀ x in the hopping terms of the fermion action, with periodic boundary conditions imposed in the spatial directions. Gauge-invariant gaussian smearing [27] in the spatial dimensions is applied at the source to increase the overlap of the interpolating operators with the ground states. Figure 1 shows the positive and negative parity nucleon effective mass plots for both χ 1 and χ 2 interpolating fields for the FLIC action − excitation for the χ 1 interpolating field (N * 1 ) uses time slices 9-12. The states obtained from the χ 2 interpolating field, however, plateau at earlier times and are also subject to noise earlier in time than the states obtained with the χ 1 field. For these reasons, good values of χ 2 /N DF are obtained on the time interval 6-8 for both positive and negative parity states.
In Fig. 2 we show the nucleon and N * ( Table I . For comparison, we also show results from earlier simulations with domain wall fermions (DWF) [22] (open triangles), and a nonperturbatively (NP) improved clover action at β = 6.2 [23] . The scatter of the different NP improved results is due to different source smearing and volume effects: the open squares are obtained by using fuzzed sources and local sinks, the open circles use Jacobi smearing at both the source and sink, while the open diamonds, which extend to smaller quark masses, are obtained from a larger lattice (32 3 × 64) using Jacobi smearing. The empirical masses of the nucleon and the three lowest are indicated by the asterisks along the ordinate. There is excellent agreement between the different improved actions for the nucleon mass, in particular between the FLIC, DWF [22] and NP improved clover [23] results. On the other hand, the Wilson results lie systematically low in comparison to these due to the large O(a) errors in this action [16] . A similar pattern is repeated for the N * ( is consistent with the mass of the lowest lying physical negative parity N * states. Figure 3 shows the mass of the first J P = 1 2 + excitation of the nucleon (denoted by "N ′ (1/2 + )"), constructed from the χ 2 interpolating field in Eq. (7). Data for the nucleon sector are provided in Table I . As is long known, the positive parity χ 2 interpolating field does not have good overlap with the nucleon ground state [18] . It has been speculated that it may have overlap with the lowest 1 2 + excited state, the N * (1440) Roper resonance [22] . In addition to the FLIC and Wilson results from the present analysis, we also show in Fig. 3 the DWF results [22] , and results from an earlier analysis with Wilson fermions together with the operator product expansion [18] . The physical values of the lowest three The most striking feature of the data is the relatively large excitation energy of the N ′ , some 1 GeV above the nucleon. There is little evidence, therefore, that this state is the N * (1440) Roper resonance. While it is possible that the Roper resonance may have a strong nonlinear dependence on the quark mass at m 2 π < ∼ 0.2 GeV 2 , arising from, for example, pion loop corrections, it is unlikely that this behavior would be so dramatically different from that of the N * (1535) so as to reverse the level ordering obtained from the lattice. A more likely explanation is that the χ 2 interpolating field does not have good overlap with either the nucleon or the N * (1440), but rather a (combination of) excited the lowest mass state with the Roper quantum numbers is higher than the lowest P -wave excitation. It seems that neither the lattice data (at large quark masses and with our interpolating fields) nor the constituent quark model have good overlap with the Roper resonance. Better overlap with the Roper is likely to require more exotic interpolating fields.
In Fig. 4 we show the ratio of the masses of the N * ( 1 2 − ) and the nucleon, using the χ 1 interpolating field. Once again, there is good agreement between the FLIC and DWF actions. However, the results for the Wilson action lie above the others, as do those for the anisotropic D 234 action [21] . The D 234 action has been mean-field improved, and uses an anisotropic lattice which is relatively coarse in the spatial direction (a ≈ 0.24 fm). This is perhaps an indication of the need for nonperturbative or fat-link improvement.
The mass splitting between the two lightest N * ( 1 2 − ) states (N * (1535) and N * (1650)) can be studied by considering the odd parity content of the χ 1 and χ 2 interpolating fields in Eqs. (6) and (7) . Recall that the "diquarks" in χ 1 and χ 2 couple differently to spin, so that even though the correlation functions built up from the χ 1 and χ 2 fields will be made up of a mixture of many excited states, they will have dominant overlap with different states, yielding different masses [18, 20] . The results, shown in Fig. 5 for the FLIC action, indicate that indeed the N * ( Turning to the strange sector, in Fig. 6 we show the masses of the positive and negative parity Σ baryons calculated from the FLIC action, and compared with the physical masses of the known positive and negative parity states. The data for these states are listed in Table II . The pattern of mass splittings is similar to that found in Fig. 5 for the nucleon. Namely, the The spectrum of the strangeness -2 positive and negative parity Ξ hyperons is displayed in Fig. 7 , with data given in Table III A similar pattern of mass splittings is observed to that for the N * 's in Fig. 5 . In particular, the negative parity Λ * 1 state (squares) lies ∼ 400 MeV above the positive parity Λ 1 ground state (diamonds), for both the Λ 8 and Λ c fields. There is also clear evidence of a mass splitting between the Λ * 1 (squares) and Λ * 2 (triangles), especially for the Λ 8 field (open symbols), which may indicate sensitivity to the physics responsible for the mass splitting between the negative parity Λ * (1670) and Λ * (1800) states. The fact that the Λ * 2 appears at a higher energy than the Λ * 1 can be attributed to the fact that the latter contains a "diquark" combination coupled to spin 0 (c.f. the masses of the N * 1 ( On the other hand, the analogous splitting for the Λ c field is considerably smaller, which is consistent with the existence of only one low mass SU(3)-flavor singlet Fig. 5 ). While it seems plausible that nonanalyticities in a chiral extrapolation [7] of N 1 and N * 1 results could eventually lead to agreement with experiment, the situation for the Λ * (1405) is not as compelling. Whereas a 150 MeV pion-induced self energy is required for the N 1 , N * 1 and Λ 1 , 400 MeV is required to approach the empirical mass of the Λ * (1405). This may not be surprising for the octet fields, as the Λ * (1405), being an SU(3) flavor singlet, may not couple strongly to an SU(3) octet interpolating field. This large discrepancy suggests that relevant physics may be absent from simulations in the quenched approximation. The behavior of the Λ * 1,2 states may be modified at small values of the quark mass through nonlinear effects associated with Goldstone boson loops including the strong coupling of the Λ * (1405) to Σπ andKN channels. While some of this coupling will survive in the quenched approximation, generally the couplings are modified and suppressed [8, 28] . It is also interesting to note that the octet Λ * 1 and Λ * 2 masses display a similar behavior to that seen for the Ξ * 1 and Ξ * 2
states, which are dominated by the heavier strange quark. Alternatively, the study of more exotic interpolating fields may indicate the the Λ * (1405) does not couple strongly to χ 1 or χ 2 . Investigations at lighter quark masses involving quenched chiral perturbation theory will assist in resolving these issues.
V. CONCLUSION
We have presented the first results for the excited baryon spectrum from lattice QCD using an O(a 2 ) improved gauge action and an improved Fat-Link Irrelevant Clover (FLIC) quark action in which only the links of the irrelevant dimension five operators are smeared. The simulations have been performed on a 16 3 × 32 lattice at β = 4.60, providing a lattice spacing of a = 0.125(2) fm. The analysis is based on a set of 200 configurations generated on the Orion supercomputer.
Good agreement is obtained between the FLIC and other improved actions, such as the nonperturbatively improved clover [23] and domain wall fermion (DWF) [22] actions, for the nucleon and its chiral partner, with a mass splitting of ∼ 400 MeV. Our results for the N * ( 1 2 − ) improve on those using the D 234 [21] and Wilson actions. Despite strong chiral symmetry breaking, the results with the Wilson action are still able to resolve the splitting between the chiral partners of the nucleon. Using the two standard nucleon interpolating fields, we also confirm earlier observations [20] of a mass splitting between the two nearby In the strange sector, we have investigated the overlap of various Λ interpolating fields with the low lying 1 2 ± states. Once again a clear mass splitting of ∼ 400 MeV between the octet Λ and its parity partner is seen, with some evidence of a mass splitting between the two states primarily associated with the octet Λ * 1 and Λ * 2 interpolating fields. The latter splitting is significantly reduced for the Λ c correlator, which does not make any assumptions about the SU(3) flavor symmetry properties of the Λ. We find no evidence of strong overlap with the 1 2 + "Roper" excitation, Λ * (1600). The empirical mass suppression of the Λ * (1405) is not evident in these quenched QCD simulations, possibly suggesting an important role for the meson cloud of the Λ * (1405) and/or a need for more exotic interpolating fields. We have not attempted to extrapolate the lattice results to the physical region of light quarks, since the nonanalytic behavior of N * 's near the chiral limit is not as well studied as that of the nucleon [7, 8] . It is vital that future lattice N * simulations push closer towards the chiral limit. On a promising note, our simulations with the 4 sweep FLIC action are able to reach relatively low quark masses (m q ∼ 60-70 MeV) already. Our discussion of quenching effects is limited to a qualitative level until the formulation of quenched chiral perturbation theory for 1 2 − baryon resonances is established [29] or dynamical fermion simulations are completed. Experience suggests that dynamical fermion results will be shifted down in mass relative to quenched results, with increased downward curvature near the chiral limit [8] . It will be fascinating to confront this physics with both numerical simulation and chiral nonanalytic approaches.
Having firmly established the different behavior of N * 1 and N * 2 effective masses we intend to use variational techniques to better resolve individual excited states. In particular, we plan to consider N * 1 and N * 2 fields (using a 2 × 2 correlation matrix), and the Λ 8 , Λ c and Λ 1 states (with a 3 × 3 matrix). In order to further explore the origin of the Roper resonances or the Λ * (1405), more exotic interpolating fields involving higher Fock states, or nonlocal operators should be investigated. Finally, the present N * mass analysis will be extended in future to include N → N * transition form factors through the calculation of three-point correlation functions.
